Spin currents absorption effect into a Pt wire is demonstrated by mean of the nonlocal spin valve measurement. Using this absorption effect, an inverse spin Hall effect is successively observed at room temperature. Moreover, the direct spin Hall effect is also demonstrated by a Pt spin current generator with nonlocal detection technique. The spin Hall conductivity in the Pt wire is 260 S / cm at room temperature, which is 10 4 times larger than that in semiconductor systems. Temperature dependence of the spin Hall conductivity is also investigated.
I. INTRODUCTION
The study of spin dependent transport properties of electrons in solid-state systems has recently attracted much attention from the fundamental and technological viewpoints. 1 Manipulation and detection of the spin current and accumulation are key issues for developing the future spintronic devices. Moving electrons are affected by the interaction between the electron spin and the orbital angular momentum. This is known as spin-orbit interaction, which induces the nontrivial physical properties such as anomalous Hall effects in ferromagnets. 2 On the other hand, in nonmagnets, the spin-orbit interaction was known as the nuisance because it is the dominant mechanism for flipping the spin direction leading to the spin memory loss. However, the spin-orbit scatterings in nonmagnets is known to induce the transverse spin current via the spin Hall effect ͑SHE͒. The SHE was first predicted by D'yakonov and Perel in 1971. 3 The phenomenological theory with impurity scattering for the SHE was developed by Hirsch 4 and was expanded to the diffusive transport regime by Zhang. 5 Recently, the SHE has attracted considerable interest because of the potentiality for generation and manipulation of the spin in nonmagnets without external magnetic field. Experimental studies of SHE have been mainly done in epitaxially grown crystal semiconductor systems by using optical detection technique. [6] [7] [8] [9] [10] Although two mechanism, extrinsic [3] [4] [5] and intrinsic SHEs, [11] [12] [13] are proposed to explain the experimental results, the detailed origin is still open question. 10, 15 The spin Hall effects in metallic systems are also currently attracting interest. 14, 15 Since the optical detection technique is limited in semiconductor systems, the electrical detection technique is suitable for observing the SHE. A first clear observation of the SHE in a metallic system is reported by using lateral CoFe-Al hybrid structure with nonlocal spin injection technique. 16 However, the observation is limited only at low temperature because of the small spin-orbit interaction of the Al wire. To induce large SHE, the material should have a large spin-orbit scattering. The Pt is known to have large spin-orbit interaction because of the large atomic number. 17 However, the conventional lateral structure with nonlocal spin injection is not effective to detect the SHE because of the extremely short spin diffusion length of the Pt. There is a report of the SHE in the Pt wire using a spin pumping technique. 18 However, the large sample dimension makes it difficult to evaluate the important parameters related to the SHE. Very recently, we reported a clear observation of the SHE at room temperature induced in the Pt wire by using the spin current absorption technique. 19 The spinHall conductivity of the Pt wire was found to be 10 4 times larger than that in semiconductors. In the diffusive normal metals, the SHE is known to be induced by the extrinsic scattering due to impurities or defects. However, recent firstprinciples band calculation indicates the importance of the intrinsic SHE in metallic systems. 20 Since our Pt wire was polycrystalline, the large spin Hall conductivity should be induced by the extrinsic scattering due to impurities. In this paper, to understand the mechanism of the SHE in our Pt more clearly, we study the temperature dependence of the SHE with the spin current absorption into the Pt wire.
II. SPIN CURRENT ABSORPTION INTO PT WIRE
As we already demonstrated in previous experiments, the distributions of the spin current and spin accumulation are strongly affected by additional ohmic contacts. 21 We show that the spatial distribution of the multiterminal spin valve devices can be calculated by introducing spin resistance R S , which is defined as R S =2 / ͓S͑1− P 2 ͔͒. 22 Here, , P, and are, respectively, the spin diffusion length, the spin polarization, and the resistivity. S is the effective cross section for the spin current. The physical meaning of the spin resistance is a measure of the difficulty for spin mixing over the spin diffusion length. Spin current induced in the nonmagnetic structure ͑N͒ are strongly absorbed into the additional contact when a spin resistance of an additional contact is smaller than that of the N. A similar phenomenon occurs in the feromagnetic structure ͑F͒/N multilayer with ferromagnetic resonance and is known as the spin pumping. 23 First, we demonstrate that a Pt wire is a strong spin current absorber because of its small spin resistance.
Two kinds of lateral spin valve are prepared for this study. One is a conventional lateral spin valve, consisting of two Py wires bridged by a Cu strip. The other one is a lateral spin valve with a middle Pt wire. Here, in both devices, the thicknesses of the Py and Cu wires are 30 and 80 nm, respectively. The thickness of the middle Pt wire is 4 nm. The widths of the Py, Cu, and Pt wire are 80, 100, and 80 nm, respectively. The separation distance between the Py injector and detector is also 500 nm. In order to prevent the processinduced dispersion of the device characteristics, both samples are prepared in a same batch.
The spin accumulation in the Cu wire is evaluated by nonlocal spin valve measurement. The insets of the Figs. 1͑a͒ and 1͑b͒ show the scanning electron microscopy ͑SEM͒ images and probe configuration of the nonlocal spin valve measurement. In the device without the Pt insertion, a clear spin valve signal with the magnitude of 0.6 m⍀ is observed. On the other hand, as shown in Fig. 1͑b͒ , the poor spin signal with the magnitude of 0.05 m⍀ is observed. Thus, the spin current absorption effect into the Pt wire is clearly demonstrated.
III. SPIN HALL EFFECT INDUCED BY SPIN CURRENT ABSORPTION
Induced spin current in the Cu wire is preferably absorbed into the Pt wire. Here, we discuss the influence of the spin-orbit interaction on the spin current injecting in the Pt wire. The injecting spin current diminishes immediately in the Pt layer because of the short spin diffusion length. Therefore, the flowing direction of the spin current is almost perpendicular to the Pt/ Cu junction. 24 Then, the upspin and downspin electrons flow toward negative and positive z directions, respectively, as shown in Fig. 2͑a͒ . Such spin currents could induce the transverse voltage because of the spinorbit scattering. When the spin current is polarized along the x axis, the spin-orbit scattering induces the charge current along the Pt wire ͑y axis͒, as schematically shown in Fig.  2͑a͒ . In the open circuit condition, the charge current balances the electric field induced by the charge accumulation. Thus, the spin currents injected into the Pt wire induce the charge Hall voltage along the Pt wire. This phenomenon corresponds to the conversion from the spin current to the charge current and is known as inverse SHE.
We then discuss the inverse conversion from the charge current to the spin current. As shown in Fig. 2͑b͒ , when the unpolarized charge current flows in a Pt wire, the transverse spin current is induced along the z axis because of the spinorbit scattering. In the open circuit condition, the transverse spin current balances the spin accumulation. Thus, the charge current causes the spin accumulation along the side edge of the nonmagnet. When the Cu wire touches on the surface of the Pt wire, the spin accumulation is induced also in the Cu wire because of the continuity of the chemical potential.
Since the spin resistances of the Cu wire is much larger than that of the Pt wire, 22 the influence of the Cu contact on the spin accumulation in the Pt wire can be neglected. The spin accumulation induced in the Cu wire can be detected by using a ferromagnetic voltage probe similar to the nonlocal spin valve measurement. Thus, the spin accumulation due to the direct SHE can be measured.
The sample for the SHE experiments is shown in Fig.  3͑a͒ . The device consists of lateral Py/Cu and Pt/ Cu metallic junctions. The size of the junction between the Py injector and Cu wire is chosen to be 100ϫ 100 nm 2 to induce a large spin accumulation in the Cu wire. The distance from the center of the Py injector to the center of the Pt wire is 400 nm, which is shorter than the spin diffusion length of the Cu wire at room temperature. The resistivities of the Py, Cu, and Pt are 15.4ϫ 10 −8 , 2.1ϫ 10 −8 , and 15.6ϫ 10 −8 ⍀m at room temperature ͑RT͒ When the charge current is injected from the Py pad into the Cu wire, the spin accumulation and the spin current are build up in the Cu wire. Since the spin resistance of the Pt is much smaller than that of the Cu wire, the spin current is preferably absorbed into the Pt wire from the Cu wire. In order to observe the charge accumulation in the Pt wire under the nonlocal spin injection, the voltage along the Pt wire is measured. The magnetic field is applied along the x axis to maximize the charge accumulation in the Pt wire. As shown in Fig. 3͑b͒ , the clear resistance change is observed at 77 K. This resistance change is measurable even at RT, as shown in next section. The ⌬V C / I curve show hysteresis, assuring the charge accumulation is induced by the spin current from the Py injector. One should notice that in this device configuration the charge accumulation can be induced by the in-plane component of the Py magnetization. This is a great advantage because the influence of the demagnetizing field can be avoided. Furthermore, unlike previous metallic device, 16 the magnetization direction of the spin injector Py can be controlled at will by small in-plane magnetic fields below a few hundreds Oersted.
The inverse conversion from the charge current I C to the spin current I S is examined using the device configuration in the inset of Fig. 3͑c͒. Figure 3͑c͒ shows the field dependence of the induced spin accumulation in the Pt wire ⌬V S / I measured at 77 K. Here, the exciting current for the lock-in measurements is limited below 60 A to prevent Joule heating of the thin Pt wire 4 nm in thickness, leading to the poor signal-to-noise ͑SN͒ ratio. ⌬V S / I varies similarly to ⌬V C / I in Fig. 3͑b͒ and more importantly the overall resistance change are exactly the same. This fact was also confirmed in the Pt wire thicker than 4 nm with improved SN ratio of ⌬V S / I. 25 These results demonstrate that both the spin to charge and the charge to current conversions are reversible, corresponding to the Onsager reciprocal relations.
IV. TEMPERATURE DEPENDENCE OF SPIN HALL EFFECT
We finally investigate the temperature dependence of the SHE. There are two different mechanisms for the extrinsic SHE in the diffusive metals. One is skew scattering 26 and the other one is side jump. 27 In such systems, the spin Hall resistivity SHE is known to be expressed by a xx + b xx 2 . Here, a linear term a, a quadratic term b, and xx are, respectively, the contribution of the skew scattering, that of the side jump and the longitudinal resistivity. Therefore, the experimental study on the temperature dependence of the spin Hall resistivity give some informations about the mechanism of the SHE. We use a device with a structure same as in Fig. 3͑a͒ , but the distance between the injector and the Pt wire is 500 nm, slightly longer than that of the previous experiment. We measure the inverse SHE every 10 K in the temperature range from 10 to 290 K. Figure 4 shows the field dependences of the inverse SHE signals for various temperatures. ⌬R SHE increases as the temperature diminishes. This is mainly because the spin diffusion length of the Cu wire increases as the temperature declines.
The spin Hall conductivity SHE is given by 22 20 However, in low temperatures, the experimental SHE becomes much smaller than the theoretically calculated values. This difference could be due to the dominant contribution of impurities compared to the band structure considerations in the Pt wires. We then calculate the spin Hall resistivity SHE by using the relation SHE Ϸ SHE / Pt 2 . As shown in Fig. 5 , SHE is well fitted by the equation a Pt ͑⍀cm͒ + b͓ Pt ͑⍀cm͔͒ 2 . From the fitting curve, we obtain a = ͑1.0Ϯ 0.1͒ ϫ 10 −3 and b = ͑2.0Ϯ 0.1͒ ϫ 10 −4 . Since Pt is larger than 10 ⍀ cm, SHE is dominated by the quadratic term. This supports that the origin of the SHE is mainly due to the side jump. This is also consistent with previous analysis.
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V. CONCLUSION
We demonstrated that spin current induced in the Cu wire is strongly absorbed into an additionally connected Pt wire. Using this absorption effect, a large inverse SHE is found to be induced in the Pt wire. We also demonstrated that the direct spin Hall effect can be induced by using a Pt wire as a spin current generator. The temperature dependence of the spin Hall conductivity is also investigated. The origin of the large spin Hall conductivity in the Pt wire is likely due to the side jump.
